A model of stochastic time response of adsorption-based microfluidic biosensors is presented, that considers the competitive adsorption-desorption process coupled with mass transfer of two analytes. By using the model we analyze the expected value of the adsorbed particles number of each analyte, which determine the sensor response kinetics. The comparison with the case when only one analyte exists is used for investigation of the influence of competitive adsorption on the sensor response. The response kinetics analyzed by using the stochastic model is compared with the kinetics predicted by the deterministic response model. The results are useful for optimization of micro/nanosensors intended for detection of substances in ultra-low concentrations in complex samples.
Introduction
Miniaturization of microfluidic adsorption-based biosensors and lower detectable concentration levels are followed by increased fluctuations of the number of adsorbed particles due to coupled random adsorption-desorption (AD) and mass transfer (MT) processes of analyte particles. The sensor response analysis thus requires the use of stochastic approach. In such sensors particularly challenging is the detection of a target substance present in a low concentration in complex samples that contain other substances that also bind to the sensing surface, affecting the sensor response.
In [1] the sensor response is analyzed by using the stochastic model that neglects the MT influence, while in [2] the analysis is based on the stochastic simulation considering AD noise and diffusion. A model that takes into account the coupling of AD with convection and diffusion is presented in [3] . However, neither of the published stochastic analyses of sensors time response, that take into account MT, considers the influence of competitive adsorption, which exists in practical situations of non-ideal sensor selectivity, multianalyte detection, or experiments based on such type of AD processes.
Here we present a model of sensor stochastic time response that considers competitive adsorption coupled with MT (both convection and diffusion) of particles of two analytes. By using the model we analyze the expected value of the adsorbed particles number of each analyte, which determine the sensor response kinetics. We investigate the influence of competitive adsorption on the stochastic sensor response and the difference between the response kinetics predicted by the stochastic and by the deterministic model.
Theory
A stochastic model of microfluidic chemical or biological sensor response, that takes into account the coupling between AD and MT processes of a single analyte, is obtained by applying the master equation for gain-loss processes, and the two-compartment model (TCM [4] ), in order to approximate both spatially and time dependent analyte concentration in the sensor reaction chamber [3] . The expressions for the probabilities of the effective adsorption and desorption per unit time, which model the combined effect of stochastic AD and MT processes on the change of the number of adsorbed particles, were an important step towards obtaining the model. The same approach can also be used in the case of competitive adsorption of two substances, which is treated as a bivariate gain-loss process with the states (N1, N2), where N1 and N2 are random processes, representing the number of adsorbed particles of substances 1 and 2, respectively, at the moment t. Assuming that in the time interval dt→0 the change of the number of adsorbed particles of only one substance is possible, and at most by 1, the transition rates between adjacent states are: A1(N1, N2), denoting the probability of increase of the number of type 1 adsorbed particles per unit time, D1(N1) denoting the probability of decrease of N1 by 1 per unit time, and the corresponding probabilities for N2 are A2(N1, N2) and D2(N2), respectively. Assuming adsorption of one particle to one binding site, uniformity of all binding sites, and the absence of interaction between analyte particles, the use of TCM for approximation of the spatial distribution of time dependent concentrations of both particle types in the reaction chamber yields the expressions
where C1 and C2 are concentrations of two substances in the analyzed sample, ka1 and ka2 are their adsorption rate constants, kd1 and kd2 are desorption rate constants, km1 and km2 are mass transfer coefficients (they model particle transfer by both convection and diffusion between the bulk solution and binding sites, according to TCM), and Nm is the total number of binding sites on the sensing surface.
Starting from the definitions of expected values of the numbers of adsorbed particles of two substances, <N1> and <N2>, their variances, σ1 2 and σ2 2 , and the covariance, σ12, and by using the master equation for the probability of states of the bivariate random process, the system of five equations is obtained for the mentioned first and second moments (the nonlinear transition rates (Equations (1) and (2)) are approximated by the Taylor series; all derivatives are calculated for N1 = <N1> and N2 = <N2>) 
By using this system of equations the stochastic time response of microfluidic biosensors in the case of competitive adsorption of two analytes can be analyzed, since it equals
(m1 and m2 are the weight factors, which represent the average contribution of a single particle of the first and second analyte to the sensor response).
Results and Discussion
We analyze the stochastic time response of a microfluidic biosensor with two proteins being adsorbed on its active surface. The response is analyzed through the numbers of adsorbed particles of both types, which determine the sensor response (Equation (8)). Figure 1a shows the time dependent expected value of the adsorbed particles number of both target (index "1") and competitor (index "2") analyte, obtained by using the presented model, for the parameter values: C1 = 1 nM, ka1 = 8 × 10 7 1/(Ms), kd1 = 0.08 1/s, km1 = 2 × 10 −5 m/s C2 = 2 nM, ka2 = 8 × 10 6 1/(Ms), kd2 = 0.02 1/s, km2 = 2 × 10 −5 m/s, A = 1 × 10 −9 m 2 , and the adsorption sites surface density nm = Nm/A = 1 × 10 −11 Mm (1 M = 1 mol/dm 3 ). Figure 1b shows the expected number of adsorbed particles when only the target analyte exists in the analyzed sample with the same concentration C1 (the stochastic response model for a single analyte is presented in [3] ). The influence of competitive adsorption on the change of the number of adsorbed target analyte particles is pronounced, and it is quantitatively determined based on the shown diagrams. The time evolution of the expected value of the numbers of adsorbed particles of two analytes, which determines the sensor response kinetics, is shown in Figure 2 (solid lines), while the numbers of adsorbed particles according to the deterministic model of sensor response (ND1, ND2), which takes into account mass transfer [5] , are denoted by dashed lines, for a sensing area A = 1 × 10 −14 m 2 with Nm = 6000 binding sites, C1 = 50 pM, C2 = 100 pM, and the same values of other parameters as for Figure  1 . A significant difference between the kinetics predicted by the deterministic model and by the more accurate stochastic model of sensor response can be seen. It is interesting to note that the two models give an opposite prediction regarding the analyte that is dominantly adsorbed. 
Conclusions
We presented the stochastic model of time response of a sensor whose active surface is subjected to two-analyte competitive adsorption influenced by mass transfer processes. The model is used for the stochastic time response analysis of a microfluidic biosensor, when two proteins compete for the binding sites on the sensing surface.
Results obtained by using the presented model enabled the quantitative analysis of the influence of competitive adsorption on the expected number of adsorbed particles of the target analyte. They also show how much the time evolution of the numbers of adsorbed particles predicted by the stochastic model differs from that obtained by using the deterministic model. It was observed that the two models can produce contradictory information regarding the dominantly adsorbed analyte, especially in cases where analyte concentration is low, and the sensing surface is of near-nanoscale dimensions.
The presented model is useful for interpretation of measurement results, and for optimization of sensors for reliable detection of substances present in ultra-low concentrations. 
